Bulk glassy Cu 60 Zr 30 Ti 10 composites containing ZrC particles up to 9 vol% were formed in a rod with a diameter up to 2 mm by copper mold casting. The ZrC particle size was about 4 µm. No appreciable second crystalline phases are observed in the bulk glassy composites. The glass transition temperature (T g ), crystallization temperature (T x ) supercooled liquid region (∆T x = T x − T g ) and liquidus temperature (T l ) of the glassy matrix remain almost unchanged in the volume fraction (V f ) range of ZrC particles up to 9%. The Young's modulus (E), compressive yield strength (σ c,y ) and compressive fracture strength (σ c,f ) for the composite alloys increase gradually from 114 to 123 GPa, 2020 to 2190 MPa and 2150 to 2220 MPa, respectively, with increasing V f from 0 to 9%. The plastic elongation (ε p ) decreases from 1.3% at 0 vol% to 0.4% at 9 vol%. The present study shows a possibility of synthesizing the high strength composite Cu-based bulk glassy alloys containing ZrC particles with good ductility by a process of arc melting and copper mold casting.
Introduction
It has recently been reported that new Cu-based bulk glassy alloys in Cu-Zr-Ti, 1, 2) Cu-Hf-Ti, 3) Cu-Zr-Hf-Ti 4) and CuZr-Ti-M (M=Be, Y) 5, 6) systems exhibit a high glass-forming ability (GFA) and good mechanical properties. The largest sample thickness for glass formation reaches as large as 5 mm. The tensile fracture strength is over 2000 MPa, which is much higher than those for the La-, 7) Mg-, 8) Zr- 9, 10) and the Pd-Cu- 11) based bulk glassy alloys. In order to improve further mechanical properties of bulk glassy alloys, particulate reinforcements to make metallic glassy matrix/particulate composites have been investigated up to date. It has been reported that bulk glassy Zr-Al-Ni-Cu composite materials containing ZrC particles exhibit higher fracture strength, Young's modulus, hardness and larger plastic strain as compared with the Zr-Al-Ni-Cu glassy phase. 12) Moreover, other groups have also reported that bulk glassy Zr-Nb-Al-Ni-Cu and Zr-Al-Ni-Cu-Be alloy reinforced by metals (W, Ta and steel) and ceramics (SiC, WC and TiC) has improved mechanical properties. [13] [14] [15] [16] However, synthesis and mechanical properties of the bulk metallic glassy matrix/particulate composites have been studied merely in a Zr-based alloy system, and there have been no data on the synthesis of the composites in the other alloy systems. This article intends to present the structure, thermal stability, and mechanical properties of Cubased Cu 60 Zr 30 Ti 10 bulk glassy alloy composites containing ZrC particles prepared by copper mold casting.
Experimental Procedure
A master ingot of Cu-Zr-Ti alloy was prepared by arc melting a mixture of Cu, Zr, Ti metals in a Ti-gettered argon atmosphere. The purity of metals was over 99.9 mass%. Subsequently, the Cu-Zr-Ti master ingots were combined with the ZrC particles (the ZrC particles were wrapped in copper foil) by arc melting and mixing on a water-cooled copper crucible in a Ti-gettered argon atmosphere. The diameter of ZrC particle was about 4 µm. The composite ingots were re-melted four times to ensure homogeneity. The mass losses were measured for each composite ingot after melting and were less than 0.1 mass%. The composite ingots were then melted in a quartz nozzle with a high-frequency furnace and injected into a copper mold by use of argon at about 150 kPa. The copper mold had internal rod shaped cavities of 2 mm in diameter and 60 mm in length.
The structure was identified by X-ray diffraction, transmission electron microscopy (TEM) and optical microscopy (OM). Thermal stability associated with glass transition and crystallization temperatures was examined by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. The melting and liquidus temperatures were also determined by differential thermal analysis (DTA) at a heating rate of 0.17 K/s. Mechanical properties were measured with an Instron-type testing machine. The gauge dimension was 2 mm in diameter and 4 mm in height for compressive test and the strain rate was 5 × 10 −3 S −1 . Fracture surface was examined by scanning electron microscopy (SEM). Figure 1 shows an outer surface appearance of the cast Cu 60 Zr 30 Ti 10 rod containing 9 vol%ZrC with a diameter of 2 mm prepared by copper mold casting. The rod sample exhibits good metallic luster and no appreciable concave due to a crystallized phase is recognized. Figure 2 shows an X-ray diffraction pattern of the cast Cu 60 Zr 30 Ti 10 rod containing 9 vol%ZrC, together with the data of the bulk glassy Cu 60 Zr 30 Ti 10 alloy. It is confirmed that the composite material consists of the Cu-based glassy and fcc-ZrC phases and does not contain any other phases. The Cu-based Cu 60 Zr 30 Ti 10 alloy has a large GFA enough to form a glassy phase even in coexistence with ceramic dispersions. Figure 3 shows an optical micrograph of the transverse cross section of the cast Cu 60 Zr 30 Ti 10 rod containing 9 vol%ZrC. The ZrC particles of about 4 µm size are homogeneously dispersed in the glassy matrix nearly, only a very small quantity of particles is condensed locally. Furthermore, neither pores nor voids are observed over the whole micrograph, indicating that metallic glassy matrix is a good castability. Figure 4 shows a highresolution transmission electron microscopy of the interface between the metallic glassy matrix and fcc-ZrC particles in the glassy alloy composites containing 9 vol%ZrC particles. In the interfacial structure, neither voids nor crystalline phases are even seen, indicating that metallic glassy matrix is a good castability, and a good bonding state exists at the interfaces between the metallic glassy matrix and ZrC particles. The absence of the crystalline phase is due to the high thermal stability of the glassy phase against crystallization as well as to the large GFA of the supercooled liquid. Figure 5 show DSC and DTA curves of the cast There is no discernible difference in T g , T x , ∆T x and T l between both samples, indicating that the dispersion of the ZrC particle does not cause an appreciable influence on the thermal stability of the metallic glassy matrix. In addition, it is known that ∆T x and reduced glass transition temperature T g /T l can represent the GFA of the bulk glassy alloys. 17, 18) So, the absence of the degradation of the thermal ability indicates that GFA of the metallic glassy matrix is not distinctly changed by the addition of 9 vol%ZrC. This is also thought to result from the large GFA of the Cu-based Cu-ZrTi alloy. Figure 6 shows compressive stress-strain curves of the cast composite alloy rods containing 3 and 9 vol%ZrC, together with the data of the glassy Cu 60 Zr 30 Ti 10 alloy rod. It is seen that the composite alloys have enhanced Young's modulus, compressive yield strength and compressive fracture strength, but reduced elastic elongation after yielding. The Young's modulus (E), compressive yield strength (σ c,y ), compressive fracture strength (σ c,f ) and elastic elongation after yielding (ε p ) are 114 GPa, 2020 MPa and 2150 MPa, 1.3%, respectively, for the glassy alloy, 116 GPa, 2010 MPa, 2180 and 0.8%, respectively, for the 3 vol%ZrC composite alloy, and 123 GPa, 2190 MPa, 2220 and 0.4%, respectively, for the 9 vol%ZrC composite alloy. The mechanical strength of the composite alloys can be interpreted by dispersion strengthening of ZrC particle. The similar result has been also obtained for the bulk glassy Zr-Al-Ni-Cu composite materials containing ZrC particles. 12) The mechanical strengthening in the glassy matrix composites obeys approximately the simple mixture rule that was commonly used to predict the properties of the metal matrix composites. 19) This result indicates that the strengthening mechanism of the dispersed ZrC particles may be similar to that of metal matrix composites, which have been related to a high dislocation density in the matrix originating from differential thermal contraction, geometrical constraints during the processing. 20) In the glassy matrix composites, the strengthening could be obtained by hindering propagation of the cracks and shear bands due to the existence of the ZrC particles.
Results and Discussion
The fracture occurs along the maximum shear plane, which is declined by about 45 degrees to the direction of applied load, and no distinct change in the fracture by the dispersion of ZrC particles is observed. Figure 7 shows SEM micrographs of the fracture surface of the glassy composite and single glassy alloys. The fracture surface of both alloys are occupied by well-developed vein patterns typical for ductile bulk glassy alloys. The ZrC particles are recognized in the Fig. 7(b) , and the micrograph of the glassy composite indicates that the ZrC particles suppress the generation and development of shear bond. 12, 21) However, the vein pattern of the composite alloy is less homogeneous as compared with the glassy alloy, indicating that the shear sliding deformation is vaguer. The vein pattern for the present composite alloy seems to have a relation to local condensed ZrC particles. This is consistent with the decrease in the ε p of the composite alloy.
Summary
We examined the possibility of fabricating the bulk glassy Cu 60 Zr 30 Ti 10 alloy composites containing homogeneously dispersed ZrC particle by the copper mold casting method. The results obtained are summarized as follows.
(1) Bulk Cu-Zr-Ti glassy alloy composites containing ZrC particle up to 9 vol% were prepared in the rod form of 2 mm in diameter. The ZrC particles of about 4 µm size are homogeneously dispersed in the metallic glassy matrix. No other crystalline phases are observed in the metallic glass matrix and at the interface between the metallic glass matrix and ZrC particles.
(2) The glass transition temperature (T g ), crystallization temperature (T x ) supercooled liquid region (∆T x = T x − T g ) and liquidus temperature (T l ) of the glassy matrix remain almost unchanged in the V f range up to 9%.
(3) The Young's modulus (E), compressive yield strength (σ c,y ) and compressive fracture strength (σ c,f ) for the composite alloys increase gradually from 114 to 123 GPa and 2020 to MPa 2190 MPa and 2150 to 2220 MPa, respectively, with increasing V f from 0 to 9%. The plastic elongation (ε p ) decreases from 1.3% at 0 vol% to 0.4% at 9 vol%.
The success in synthesizing the high strength bulk composite alloys with a ductility containing ZrC particles embedded in the Cu-Zr-Ti glassy matrix is important for future development of the bulk glassy alloys.
